Protic salt-based nitrogen-doped mesoporous carbon for simultaneous electrochemical detection of Cd(II) and Pb(II). 
Introduction
Toxic heavy metals pose a serious threat to both the environment and human health, because of their strong toxicity, ability to accumulate in biological systems and long metabolic cycles.
1 Among the heavy metals, Cd(II) and Pb(II) are two common pollutants, which are harmful to mental health, the central nervous system, deleterious blood composition as well as other tissues and organs.
2 Hence, it is urgent to dynamically monitor Pb(II) and Cd(II) at trace levels. With the aim of realizing accurate and reliable determination of heavy metals in environmental samples, different techniques such as uorescence 3 and inductively coupled plasma mass spectroscopy (ICP-MS) 4 have been applied. However, these methods normally need professional operation and they are costly and/or require complex instruments. On the contrary electrochemical detection methods are time efficient, sensitive and use low cost equipment. In particular, anodic stripping voltammetry (ASV) represents a powerful tool for analyzing trace metals due to the effective accumulation of the target ions, 5 which should be noted relies strongly on the sensing material deposited on the working electrode surface. 6 Nitrogen-doped mesoporous carbon (NMC) has shown excellent physical and chemical properties, such as abundant pore structure, large surface area, and low density, 7 making it frequently applied in lithium batteries, 8 fuel cells, 9 supercapacitors, 10 catalyst supports, 11 separation processes 12 and sensing. 13 To detect heavy metals, NMC is hypothesized to exhibit remarkable performance because the mesoporous structure not only provides efficient diffusion and mass transfer for heavy metal ions, but also contains a large amount of electron-donating nitrogen atoms which can improve the performance of sensor.
14,15 For example, Cui et al. demonstrated a nitrogen-doped porous carbon was synthesized with Al-based organic gel template for detection of Cd(II) by ASV with good stability and excellent selectivity.
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Normally, mesoporous carbon is produced based on the sacrice template method, but the method is multistep, and time-consuming. 7, [17] [18] [19] For example, Shen et al. recently reported a MgO/ordered mesoporous carbon composite that could be applied for determination of Pb(II). 20 The casting template method used for the preparation of ordered mesoporous carbon is complex, including SBA-15 (as template) preparation, inl-tration of the sucrose into the SBA-15, carbonization of the sucrose, and nally etching of the silica template.
Nitrogen-doped porous carbon is commonly prepared in two ways: in situ synthesis or a post-treatment functionalization. The former method results in a homogeneous distribution of N, 15 while with the latter it is difficult to control the nitrogen content and there is a risk of blocking the porous architecture. carbon with 25.0 at% nitrogen content for detection of Cd(II) and Pb(II) by in situ doping of nitrogen.
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In summary, traditional methods for the synthetic of NMC materials are typically tedious and time-consuming, therefore we describe a facile one-step template-free method to prepare NMC via carbonization of a protic salt ([pPDA][2HSO 4 ]), 19 which behaves as an carbon and nitrogen source during pyrolysis. We then use the prepared NMC in an electrochemical heavy metal sensor. The synthetic action of Naon and bismuth on the NMC makes the sensor highly sensitive, and we show that it can be probed by simultaneous detection of Cd(II) and Pb(II).
Experimental section

Chemicals and apparatus
All chemicals used in this study were of analytical grade and used as received. p-Phenylenediamine and H 2 SO 4 were obtained from Aladdin (Shanghai, China). 5.0 wt% Naon, 1000 mg L
À1
Cd(II) solution and 1000 mg L À1 Pb(II) solution were purchased from Sigma-Aldrich (Shanghai, China). 1000 mg L À1 atomic absorption standard Bi(III) solution was provided from Fluka (Shanghai, China). The morphology of NMC was characterized by a eld emission scanning electron microscope (SEM, Carl Zeiss, Oberkochen, Germany). X-ray photoelectron spectra (XPS) were recorded with an Axis Ultra DLD electron spectrometer (Kratos Analytical Ltd., Manchester, UK). The structure analysis of NMC was operated on JEOL-2100F microscope (JEOL, Tokyo, Japan) at 200 kV. N 2 adsorption-desorption isotherms was determined with an Autosorb-IQ-MP gas sorption analyzer (Quantachrome Instruments, Boynton Beach, Florida USA). The content of Cd(II) and Pb(II) was measured with Inductively Coupled Plasma-Mass Spectrometry (ICP-MS, ELAN DRC II, PerkinElmer, USA).
Synthesis of NMC and order mesoporous carbon
The NMC was prepared following a published method. 19 Briey, dilute aqueous sulfuric acid solution (20%, 25 mL) was slowly dropped into methanol (100 mL) containing p-phenylenediamine (5 g) in an ice bath. A precipitate was instantly formed, following which the mixture was stirred for 1 h. Aerwards the solvent was removed by using a rotary evaporator and the obtained mixture was kept at 80 C for 24 h in a vacuum drying oven to get the protic salt. The as-obtained precursor was heated up to 900 C at 10 C min À1 in argon atmosphere and maintained at 900 C for 2 h. Aer cooling down, black NMC was obtained. In order to compare the electrochemical performance of N doping, order mesoporous carbon (OMC) was prepared by using SBA-15 sacrice template method. 2.3 Preparation of NMC-Naon/GCE, NMC-Naon-Bi/GCE and DPASV test
The surface of GCE was sequentially polished with decreasing particle sizes of alumina power slurries. Aer polishing, the GCE was sonicated with absolute ethanol and deionized water for 3 min, respectively, and then dried by nitrogen. NMC was dispersed in DMF solution (containing 0.3 wt% Naon) by sonication to get a 1.0 mg mL À1 suspension. A NMC-Naon/ GCE was obtained by casting 5 mL of suspension on GCE surface and drying at room temperature. Meanwhile, NMCNaon-Bi/GCE was prepared by an in situ plating of Bi lm in accumulation step. The electrolyte (10 mL) included acetate buffer (0.1 M, pH ¼ 5.0) and the target metal ions. If the modied electrodes need to deposit Bi lm, 400 mg L À1 Bi(III) is added into the electrolyte.
Under optimized conditions, differential pulse anodic stripping voltammetry (DPASV) was applied for heavy metals determination. The accumulation step was set at À1.1 V under stirring for 420 s. Following the preconcentration, the solution was kept quiet for 10 s. Then the DPASV curve was recorded at differential pulse mode from À1.0 V to À0.4 V.
3 Results and discussion
Characterization of NMC
The granular morphology of synthesized NMC nanoparticles was characterized by SEM ( Fig. 1a) , revealing a uffy foamy NMC structure. The structure NMC was evaluated by TEM as that shown in Fig. 1b . As expected, NMC is pretty transparent due to its rich, disordered wormlike porous structure, as previously reported in the literature.
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The pore structure of NMC was explored by nitrogen adsorption-desorption experiments. As presented in Fig. 1c , a hysteresis loop at pressures P/P 0 > 0.5 is observed, which indicates the presence of mesopores. The BET surface area is calculated to be up to 596 m 2 g À1 with a narrow pore-size distribution and an average pore size of 7.0 nm as shown as in the inset of Fig. 1c .
To investigate the chemical valence and elemental composition of the NCM, XPS measurement was performed in the region from 0 to 600 eV. The elemental content of NMC is determined to 84.2 at% for C, 10.0 at% for N, 5.0 at% for O, and 0.9 at% for S (Fig. 1d) . The high resolution N 1s spectra of NMC (inset in Fig. 1d ) could be deconvoluted into four peaks, at 397.80, 400.08, 402.16, and 405.05 eV, which correspond to pyridine-like, pyrrolelike nitrogen as well as oxidized species at higher binding energies (>402 eV), [24] [25] [26] respectively. The XPS results clearly prove that N 
Electrochemical responses of the different electrodes
In order to study the electrochemical performance of bare GCE, OMC/GCE and NMC/GCE, cyclic voltammograms were investigated in Fe(CN) 6 3À/4À and KCl solution. As shown in Fig. 2a , three pairs of well-dened redox peaks are observed in all electrodes. Compared with the bare GCE, the redox current of OMC/GCE is increased. It is believed to result from the good electrical conductivity of OMC. However, the largest peak current is appeared at NMC/GCE, which indicates that N accelerates electron transfer of [Fe(CN) 6 ] 3À/4À probe and shows better performance than OMC. The electrochemical behaviors of Naon-GCE (curve a), Bi/ GCE (curve b), Naon-Bi/GCE (curve c), OMC-Naon/GCE (curve d), NMC-Naon/GCE (curve e), and NMC-Naon-Bi/ GCE (curve f) were investigated by DAPSV in HAc-NaAc (0.1 M, pH 5.0), respectively. As presented in Fig. 2 , there are two peaks around À0.8 V and À0.6 V, corresponding to the stripping peak of Cd and Pb at these six electrodes. The anodic peak currents of Cd and Pb at Bi/GCE are 5.09 mA and 6.31 mA, which is almost 45.5% and 64.3% at the NMC-Naon-Bi/GCE. Compared to Naon/GCE, the Naon-Bi/GCE shows a clear increase in peak currents, ascribed to the ability of the Bi-lm to form a fused alloy with Cd and Pb (Cd(II) + Bi(III) + 5e / CdBi,Pb(II) + Bi(III) + 5e / Pb-Bi).
28 Additionally, the stripping peak currents of Cd(II) and Pb(II) at NMC-Naon/GCE are higher than OMC-Naon/GCE, which suggests that NMC shows more outstanding analytical performance in determination heavy metals than OMC. Moreover, the peak current of NMC-Naon-Bi/GCE improves about 47% for Cd(II) and 66% for Pb(II) than that of Naon-Bi/GCE, respectively. These improvements in peak current can be attributed to the porous structure and large surface area of the NCM, which is benecial for an effective accumulation of heavy metal ions.
Optimization of experimental conditions
In order to obtain high sensitive of detection heavy metals at the NMC-Naon-Bi/GCE, pH of solution, Bi(III) concentration, accumulation potential and preconcentration time were investigated, respectively.
The effect of Bi(III) concentration was examined from 100 mg L À1 to 600 mg L À1 . As shown in Fig. 3a , the stripping peak currents of Cd(II) is gradually decreased when the Bi(III) concentration was higher than 400 mg L À1 and Pb(II) concentration is higher than 500 mg L À1 . Thus, we chose 400 mg L
À1
Bi(III) as the optimum concentration. The inuence of deposition potentials on the DPASV signals of Pb(II) and Cd(II) was explored in the potential window from À0.9 to À1.3 V. The results displayed in Fig. 3b indicate that the stripping peak currents increase sharply when the accumulation potential is shied negatively from À0.9 to À1.1 V, and the maximum current for these two ions are at À1.1 V and then shi further in the negative direction when the deposition potential is further decreased. This phenomenon is ascribed to the signicant hydrogen evolution at more negative potentials.
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Here À1.1 V is selected as the optimized deposition potential.
Solution pH can also affect the DPASV peak current of the Cd(II) and Pb(II) oxidation. Fig. 3c presents the inuence of buffer pH on the DPASV responses of Cd(II) and Pb(II). When the pH increases from 4.0 to 5.0, both stripping peak currents increase, while a further increase in pH leads to a decrease in stripping signal. This is ascribed to the formation of metal hydroxide complexes.
1 Therefore, a pH 5.0 was applied in this work. Accumulation time is a really important parameter to heavy metal detection by using DPASV method. It can be seen from Fig. 3d , the inuence of the accumulation time on detection of Cd(II) and Pb(II) was investigated from 180 to 480 s. The stripping signals increase gradually to the deposition time from 180 up to 420 s. However, when the preconcentration time is beyond 420 s, the stripping peak currents almost remain constant due to the rapid surface saturation. 30 In order to get high peak current, an accumulation time 420 s is chosen for further study.
Analytical performance of Cd(II) and Pb(II) analysis
The DPASV curve of Cd(II) and Pb(II) are showed in Fig. 4a . It can be seen that for Cd and Pb, the potential peak positions are positively shied for higher concentrations, a phenomenon which is common and analogous to what is observed for metal lm electrodes.
13 This is caused by interaction between the specic composition/structural morphology on the electrode surface and the thin mercury or Bi lm. Table 1 . As seen from the Table 1 , the slop of the linear in the low concentration range is much smaller than the one in the high concentration range. It could be due to the difference in rate determining step in these two concentration ranges. Moreover, the limit of detection (at S/ N ¼ 3) were valuated to be 0.3 mg L À1 for Cd(II) and 0.4 mg L À1 for Pb(II), which are 10 times for Cd(II) and 25 times for Pb(II) lower than the reference value of drinking water given by WHO (Cd: 3 mg L À1 , Pb: 10 mg L À1 ), 32 making the NMC-Naon-Bi/GCE to a good candidate for the analysis of real aqueous samples.
The sensing performance of NMC-Naon-Bi/GCE towards Cd(II) and Pb(II) is compared with the other reported sensors and presented in Table 2 . It is obvious that the proposed NMCNaon-Bi/GCE is comparable to the previously reported results.
Interference study
The co-exiting ions test was applied by adding different cations into 0.1 M HAc-NaAc solution containing both 50 mg L À1 Cd (II) and 50 mg L À1 Pb(II). Reproducibility of the proposed electrode was carefully examined by using ve NMC-Naon-Bi/GCE for simultaneous detection of 50 mg L À1 Cd(II) and 50 mg L À1 Pb(II). The RSD between electrodes was 3.3% for Cd(II) and 5.4% for Pb(II), respectively. Aer storage at 4 C for one day and half a month, the stripping signal stability of NMC-Naon-Bi/GCE was evaluated in 50 mg L À1 Cd(II) and 50 mg L À1 Pb(II) by comparing the striping peak current between the 1st and 15th day. As illustrated in Fig. 6 , the DPASV responses of Cd(II) and Pb(II) obtained at different storage time only slightly change, implying the good long-time stability of the proposed sensor.
Analysis of real sample
To evaluate its accuracy in practical applications, the modied electrode was utilized to detect trace amounts of target metal ions in real water sample by standard addition method. The environmental samples of tap water were collected from municipal water supply system of Urumqi. The real samples also tested by inductively coupled plasma mass spectrometry (ICP-MS) as a reference method. As listed in Table 3 , the amount of Cd(II) and Pb(II) recovered with the help of the sensor are in good agreement with reference method.
Conclusions
A large specic surface area and good electrical conductivity NMC was obtained via direct carbonation of a single smallmolecule protic salt [pPDA][2HSO 4 ]. The NMC was used to make the sensitive sensor electrode for Cd(II) and Pb(II) detection by DPASV. In particular, the developed sensor allows the analysis of Cd(II) and Pb(II) at a more lower detec-
). In addition, we further show that the sensor successfully passes stringent interference tests for common interfering agents, with the exception for copper, and also displays good long term stability and reproducibility. Finally we show the sensor's applicability for real-life testing of tap water section should come in this section at the end of the article, before the acknowledgements. 
